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Abstract 


Tne results of measurements of cosnogenic radionuclides in the 
Peace River and Harleton chondrites are reported- Activity ratios of 
short- «.r>d long-lived nuclides are compared with ratios observed in 
other freshly- fallen meteorites. Long-term temporal constancy of tne 
co smi c-ray flux is indicated and the spatial constancy of cosmic 
radiation throughout meteoritic orbits is supported. The eleven-year 
solar cycle does not appear to have had any significant effect on 
activities with half-lives on the order of a year or longer, such as 
Ma^ and Ha^S. The activities are compared with thich- target bombardments 
which indicate that the pre -atmospheric size of Harleton was smaller than 
that of the Peace River, Bruderheim, and Ehole meteorites. 
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Introduction 

Long-lived radionuclides sued as A1^6, Cl3^ jfo?3^ and Ki59 

have been extensively studied in iron and stone meteorites during the 
last rev years ( Honda et al . , 19 qI; Suess and Wanke, 1962; Goel and Kohman , 
19o3; Kohman and Goel , 1963; Rove et al. , 1963; Kaye , 1963; Honda and 
Arnold , 1964; Cressy , 1964). These investigations have increased knowledge 
or the relative productions or these nuclides under dirrerent snielding 
conditions, suggested long-term temporal constancy 01' cosmic radiation, 
and provided a means or calculating long terrestrial ages, and occasionally 
short cosmic -ray exposure ages. 

Freshly- fallen meteorites, because of their short-lived radionuclide 
contents, provide unique opportunities for direct comparisons of 
production rates by cosmic rays and by artifical bombardments. These 
comparisons can lead to better determinations of the spatial and temporal 
constancy of cosmic radiation, meteorite snielding, terrestrial ages, and 
exposure ages. 

Previous measurements of long- and snort-lived radionuclides in freshly- 
fallen meteorites have been summarized by Honda and Arnold , (l$£4) ; Fireman 
et al. , (1963); and Davis et al. , ( 1963 ) • This paper reports an extensive 
investigation of cosmogenic radionuclides in the Peace River chondrite 
along with results from the Harleton chondrite which were reported in 
preliminary form at the 43rd annual American Geophysical Union. Meeting, 1962. 

The Peace River chondrite fell lurch 31> 1963 > da Alberta, Canada. It 
is a gray cnondrite which apparently belongs to the Urey-Craig low-iron 
group. Seven fragments totaling 49 kg were recovered. A description of 
its fall and recovery is given by Folinsbee and Bayroek, (1964). We received 
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a number of pieces through the courtesy of Dr. 


Eolinsbee in May 1963 . 


Experimental Procedures 

The sample fr agm e n ts were ground to pass an 60 mesh sieve, and the 
powder, 4l2 grams, was leached with hot dilute HNO^. AgCl was collected 
from the solution, and the chloride purified by ion-exchange and sublimation.. 

The insoluble residue was brought into solution, after combining with the 
HE filtrate above, by successive treatments with HE, H^SO^, ETIC^, and EC1. 

After an aliquot was taken for chemical analysis, carriers for 3e, Sc, and 
V were added. Ee was extracted into ether. Co was separated by anion 
exchange frca 9M EDI. V and Ti were collected by extraction of their 
cupferrates into chloroform, followed by precipitation of Ti(OE)^ with 
EaOH. After purification of the Ti, Sc^ was allowed to grow to equilibrium, 
and scandium was separated from the titanium and purified. Be, Al, Sc, Cr, 
axid Mn hydroxides were precipitated from the meteorite solution with 
1'IE^OE + E^0 o . These hydroxides were dissolved in HNO^ and Mn0 2 was precipitated 
with EaBrO,. Al, Be, and Sc hydroxides were collected from the chromate 
solution, and then BaCrO^ was precipitated. Al, Be, and Sc were separated by 
cation exchange. NiS was precipitated from the first EE^OE filtrate, along 
with some MnS. Ida was separated from Ei with ZiaBrO^ in ENQ, and combined with 
the previous Ida02 fraction. For details of the chemical separations and specific 
element purifications see Cressy ^ ( 1964 ). I'Ti, Mn, Al, ana Ti cnei-icai yields were 


determined from analysis of the aliquot, while the other yields were based 
on a c hemi cal analysis of the Peace River chondrite ( Bauds guard et al. , 

1964). 

She counting apparatus and techniques have been described elsewhere 
( Cressy , 1964; Shedlovsky and Kaye , 1963)- Al 26 vas determined by 
coincidence counting of the positron anihilation radiation. Gamma 
spectrometry was used for measuring Mn 54 and Co5°>57>56. .A gas-filled 
x-ray proportional counter was used to measure V' T ^, Cr^, Mn53>5‘>b Cq56> 57, $2> } 

xo i ] , i |, 

r.nfl i-ii59. Low-level Geiger counters were used to measure Be , Cl- 5 , Sc 
milked from Ti 44 , Sc 46 , V 43 , and Co 60 . Be 10 and Cl3 6 were recycled to 
constant specific activity while decay curves were determined for Sc 44 , 

Sc 46 , and V 43 . 


Results and Discussion 

Table 1 lists the results obtained for the Peace River and narleton 
chondrites along with data from other laboratories. In addition, data 
pr ima rily from Honda and Arnold (1964) on two other chondrites of recent 
fall are given for comparison. 

Our Peace River and Harleton results are generally very similar except 
for Cr^, M 53, and Mq54. -^ ne peace River Sc 43 result and our Earle con 
Co 30 value, although well determined, seem anomously high. The rower 
values in Harleton indicate that it was a small oody in space. iiirCiv— 
tar get bombardments of mock stone meteorites show similar broad build-up factors 



for Cr ' 1 and yin& production. These are maximized at ~35 and/-^ 75 g/cm 2 
deptns for 1 and 3 Gev protons respectively ( Shedlovsky and Hayudu , 19 63 ). 
Aithou gh the errors are large, the Cr 51 , Mn53. and Ma^ values of Peace 
River, Bruderheim, and Ehole relative to Harleton are all close to 2, the 
yn 53 ratios being somewhat lower. This strongly suggests tnat ci ucese 


four meteorites, Harleton had the smallest pre -atmospheric size, and that 
the small recovered Ehole fragment came from a larger body. It is to 
he noted that the iron content of Ehole is ~3 whereas in Peace River, 
Eruderheim, and Harleton it is 22. 5$ is each case. Since Mq53 and Ma 5 ^ 
in a meteorite are produced xoainly frcaa the iron, the normalized ratio 
Ehole/Harleton is ^l. 6 for these nuclides, with a fairly large standard 
deviation. This noimalized value (neglecting the large uncertainly J agrees 
well with the Peace River/Earletcn and Iruderheim/Earletcn 24a >3 ratios, out 
is appreciably lower than these meteorite raxios in the case o* hh' . Tnrs 
suggests that the 14n 5 3 production maximum may he broader than that of Kn^, 


that the Ehole fragment was exposed in its pre -atmospheric ho ay to a 
less well developed nuclear cascade than were the Peace River and Bruderheim 
samples. ' 

The agreement between the three sets of Harleton results is gratifying 
except for Co^°. Oar Cl^ results on Peace River and Earleton are lower 
limits as they represent only the leachable chloride before decomposition 

of the silicate matrix. 1 

A long team factor-of-two temporal constancy of cosmic-ray intensity 

has been proposed by several investigators primarily as a result of comparisons 


of specific activities in the Arocs iron meteorite with predicted activity- 
levels ( Arnold et al. , 1961; Gciss et al. , 1962; Hondo, and Arnold , 1964). 
Comparing a given meteorite activity with a predicted production rate 
presumes that the effect of meteorite shielding is known. The problem of 
shielding can be eliminated by studying an activity ratio in which the 
shielding effects are similar for both nuclides. Tnick- target bombardments 
have shown that production rates of most products from iron decrease 
exponentially with depth with the same slope (Honda, 1962; Shedlovsky and 
Rayudu, 1964). Low-energy products, such as Ma^4, ^n52, and Cr^ show 
broad build-up factors at the front of the target followed by the same 
exponential decrease. These experiments predict that the production ratio 
of Kn53/i,In54 should be nearly constant with depth in a meteorite. 

In Table 2, activity ratios for a number of radionuclides in recently 
fallen meteorites and predicted ratios from thick-target bombardments are 
given. The Peace River and Harletcn ratios are derived from our data 
except where noted. The ratios for Bruderheim and Shole are taken from 
Honda and Arnold , (1964) except as noted. Specific activity ratios were 
calculated only in cases where the two activities were measured in the same 
meteorite sample. 

The weighted average of the Mh^3/jfo54 ~eteorite values in Table 2 is 
0.94 ± .03, in good agreement with the predicted ratio. To the extent that 
the 1:1 predicted production ratio is correct, the recent cosmic-ray flux 
is the same as the flux averaged over the last few million years , the 
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half lives of 2Sq53 and being 2 x 10° y and 31^ & respectively. It 

should be noted that the activity could be affected by the 11-year 

solar cyclejyst-sSx measurements of the I>£i53/Mq 5^ ratio, in five meteorites 
(including the Aroos iron with a ratio of 1.09 ± 0.15, reported bv Honda 
and Arnold , I96I) having individual activity levels that vary by a factor 
of ten, is re m a r kably constant. It appears that the solar cycle effect, 
at least from 1958 to 19 63, within which period the five meteorite 
was virtually negligible. 

Another possible nuclide pair for the study of temporal constancy of 

cosmic radiation is Al 2 ^ (ti = 7-^ x 10 5 y) : Ha 22 (ti. = 2. 58 y). The 

2 2 

activities of these nuclides have been measured in a number of meteorites 
and the Al^/lla 22 ratio in six of the eight measurements is constant at 
0-7- The situation is complicated by the fact that these two nuclides 
depend no different extents on several target atoms for their production, 

Al 2 ° being produced primarily from silicon' (Si 2 ^(p,2pn) ) while Ha 22 is 
produced from both magnesium (2Y5g 2 \p,2pn)) and silicon (SI 2 ®(p,4p3n). 
Thick-target bombardments of simulated stone meteorites show similar 
Ha 22 depth dependences from magnesium and silicon. This plus the essentially 
constant silicon and magnesium contents of stone meteorites indicates 
that the Ha 22 production rate should be virtually independent of chemical 

composition., Because of the similarity in nuclear reactions involved, the 

or 22 

A1^ D depth dependence is expected to be similar to that of Ha . Thus it 

PP 

is reasonable to expect the A1 /2?a“ activity ratio to be consume in 


stone meteorites. 


- 7 - 


If the results of previous investigations plus the agreement 'between 

the predicted and observed and Al^^/ha 22 activity ratios can he 

taken as indicative of temporal constancy of cosmic radiation, tnen the 

question ox' the spatial constancy of cosmic radiation can he studied. 

Convenient nuclide pairs are (ti = 330d): V* 1 ^ (ti = lo.ld), 

2 2 

(ti = 27- 3d), a&i'' 4 : Cr^ 1 , Ar37 (tj = 35d): Ar-^9 (ti = 32 5y), 

2 2 2 

Co 57 (ti = 270d); Co56>53 ( tl = 77, 72d), V^ : Sc 46 (ti = 65d). If regular 
2 2 2 

discrepancies can he established between the ratios in a number of 
meteorites and the predicted ratios , from bombardment data for example, 
then spatial fluctuations of the cosmic-ray intensity may be indicated. 
Unusually high ratios of short-lived to long-lived nuclides in a given 
meteorite may be caused by solar flare protons. 

Tne Ar3 7 /Ar39 activity ratio has received the greatest attention to 
date (mavis et al. , 1963; Firemen et al. , 1963)- Sight measurements of 


this ratio in five stone meteorites have given values between 1.0 and 2*3 
to be compared with measured production ratios which vary from 2.1 at the 
surface to 1.2 at 50g/cm^ depth. Davis et al. (1963) conclude that the 
cosmic-ray intensity at several astronomical units from the sum is within 
lpp of the intensity at the earth's orbit. This conclusion is supported 
by Arb7 -Ar35 measurements on the separated metal phases of the Barjx non 
( Stoenncr and Davis , 1962; lilies et al. , lp62) and Peace River meteorites 
( Firemen and DeFellce , 1964). The Ar37/Ar39 activity ratio is expected to 
be more constant in the iron phase, since calcium, which varies by a 



a - 


factor of "two in abundance in tne stone phase , contributes signiiucantxy 
to the production of Ar37. The observed activity ratios of 0.8 and 0-9 
respectively in the Harleton and Peace River metal phases are in good 
agreement with the experimental value of O.S from proton bombardments 
of iron targets. 

If the above conclusion of the general spatial constancy of cosnic- 
v-ny flux over meteoritic orbits is valid, then the other nuclide ratios 
previously listed should bear this out. The V^/V 43 , V^/CrSi, and Ma^/Cr51 
ratios for Peace River, Harleton, and Bruderheim are all reasonably 
constant, having weighted averages of 0.97 - 0.11, 0.18 ± 0.03, SXlC - . 

O.76 ±0.12 respectively. Comparison with the expected ratios are good 
for the I.Sn5^/Cr5^- and, to a lesser extent, j } 33 cases, ana within 
a factor of two for the most of the V^/V 43 and V^/Cr 31 measurements. 

Further measurements of all of these ratios in freshly-fallen meteorites 
are needed before one can answer the cues txcn of spatial constancy of 
cosmic radiation. The trend however is in agreement with the more precise 
Ar-37 y'Arb9 measurements and supports the spatial constancy of cosmic 
radiation over meteorite orbits. 

Recovered samples of artificial earth satellites have yielded both 
radioactive and stable nuclides. E 3 , He 3 , Ar37, Co 57, Ag-^° , Ae^ 1 , and 
have been observed in Discoverer satellites orbited for a few days 
( Fireman et al. , I96I; 1963; Stoennar and Davis , 19 6l; fas son , 1961; 1962; 
Keith and Turks vlch , 1962; Schaeffer and Zihringer, 1962). H 3 , P 32 , Ar37, 



- 9 - 


Sc 46 y 43,49^ « r 51^ ^55., Co^' 57>5&^ have teen measured in a 

fragment of Sputnik 4 orbited for 343 days ( Shedlovshy and Kaye , 1963; 
DeHelicc et al. , 1963; Hammerer et al. , 1962; Rowe e ^ & 4, 1964; Waoson, 
1954 ). pne production of such, nuclides in satellites is attriouteu to a 
combination of solar flare protons, galactic cosmic-rays and Van .'..Lien 
protons. The effects caused by these various protons is not completely 

2* <S ii> OX V£ CL • 

The irradiation of meteorites by the above sources at present is best 
understood for galactic cosmic-rays. The effect of solar flares on 
meteorites is still ambiguous. Ar 3 ?/Ar39 ratios in Hamlet and Hole, both 
of which fell following a solar fuare ( Davis et al. , 19 ° 3 ), we re high. 
However, the errors of the measurements for this ratio in the meteorites 
and the bombar dmen ts overlap, leaving the question in doubt. Tne ratios 
in Table 2 for Hamlet and Ehole unfortunately are not precise enough to 

• v 22 

show a flare effect; it would be surprising to see an effect witn ha 
in any event, because of its relatively long half-life. Ho measurements 
of sufficiently short-lived radionuclides in these two meteorites have 
been reported; there are indications however that the 00 ^ 6 , 53 activities 
were e nhan ced in the Hamlet meteorite ( A. Turhevach , private communication) . 
During the next several years the solar actively should be increasing, 
affording a better opportunity to observe solar flare effects on i reshly- 


f alien meteorites. 
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Table 1. Cosmogenic Activities in Recently Fallen Stone Meteorites 
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Table 1. Cosmogonic Activities in Recently Fallen Stone Meteorites (Continued) 
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Table 2. Activity Ratios in Freshly-Fallen Meteorites 
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